In situ deposited non-aqueous phase liquid (IDN) sediments have unique characteristics that inherently mitigate the movement of separate phase liquids. IDN sediments are composed of oil-particle aggregates (OPAs). OPAs consist of an oil bead or globule with attached solid particles, such as clay platelets, silt and sand granules, and/or organic materials. IDN sediments develop at locations where a continual or near continual discharge of non-aqueous phase liquids (NAPLs) have occurred over a period of time. IDN sediments consist of an open network of small pores where fluids are retained. Although the pore structure is very open, the pore openings are relatively small, which appears to inhibit fluid movement. In particular, capillary pressure analyses indicate that NAPL was not generally released until pressures of at least 15 pounds per square inch (psi) were induced. In addition, centrifuge testing at 1,000 G shows that NAPL immobility is observed in samples at NAPL saturations as high a 12%. These data suggest that NAPL is retained within the smallest pores and is encapsulated within a network of larger pores filled with water. Although the sediment contains NAPL, this original OPA structure appears to inhibit the oil beads from coalescing, preventing NAPL flow.
Introduction
Under various conditions, oil in open water bodies breaks up to form discrete beads or droplets. The nature of the oil bead varies and is dependent upon several variables, including the turbulence of the water, the viscosity of the oil, and the interfacial tension of the oil (Zhao et al., 2014) . Smaller droplets generally form from hydrocarbons with low viscosity and/or interfacial tensions. These smaller oil beads become dispersed within the water body, whereas larger particle beads tend to remain floating near the surface due to buoyancy (Boufadel et al., 2007) . Within the water column, solid particles become adhered to the oil bead, producing oil-particle aggregates (OPAs). The formation of OPAs is important, as it is the primary mechanism that produces deposition. Once formed, the OPA increases in density, causing further dispersion into the water column and eventual settling. In addition, the outer shell of the OPA (formed by particles adhering to the oil bead) creates a barrier that prevents further coalescing with other oil droplets (Khelifa et al., 2005) .
The shape and character of OPAs are a function of the size of the oil droplets and particles. The most common form of OPA occurs when the oil droplet is surrounded by particles or a group of spherical oil droplets occur in a particle aggregate cluster (Bragg and Owens, 1994; Khelifa et al., 2005; Lee et al., 2012; Stoffyn-Egli and Lee, 2002; Zhang et al., 2010) (Figure 1 ). Where large solid particles are dispersed in the water column, the oil may in some cases adhere to these larger particles. These OPAs will take the shape of the larger particle. In other cases, the OPA tends to form flattened surfaces or flakes having folds or rolls (Stoffyn-Egli and . As has been documented in laboratory studies, OPAs can form in mineral particle concentrations as low as 100 milligrams per liter (mg/L) (Khelifa et al., 2002) . Although the shape and nature of the aggregate may affect the transport and fate of the oil droplet in the water column, eventually the OPA settles to the sediment surface and becomes incorporated into the sediment prism. When OPA deposition occurs over a long period of time, a layer of NAPL-impacted sediments results.
This paper discusses the mobility of the NAPL within sediment derived from the deposition of OPAs and how this appears to be related to the physical structure of the deposited OPAs. Once deposited, the oil bead remains as a separate non-aqueous phase liquid (NAPL) within the sediment matrix. Hence, the NAPL from OPA deposition develops in situ, with the formation of the sediment. These in situ deposited NAPL (IDN) sediments form from oil falling through the water column in association with solid particles. Hence, the resultant NAPL distribution is a component of the sediment stratigraphy and reflects the physical and chemical conditions at a point in time. This is in contrast to an ex situ NAPL source, which enters the sediment pore network after its formation, under a pressure gradient. Hence, the sediment and NAPL are discrete and separate entities, and NAPL is placed within the sediment after the sediment was deposited. IDN sediments develop where continual, or nearly continual, discharges of NAPLs occur within a depositional setting, such as an embayment, lake, quiescent area of a river, stream or estuary. Historically, continual or near continual discharges of NAPL have been associated with discharge outlets from industrial facilities (e.g., Manufactured Gas Plants, Figure 1 . Schematic diagram of oil-particle aggregate (OPA). Randomly oriented clay particles adhering to an isolated oil bead petroleum refineries, petroleum storage facilities, etc.,) and from municipalities (e.g., Combined Sewer Overflows, segregated storm sewer systems, overland flow, etc.).
The sediments from two sites were studied where OPA deposition produced IDN sediments (Figure 2) . At Site 1, the OPAs were apparently derived from discharges from petroleum refinery operations that occurred over a period of decades. Site 2 is an urban waterway, where all the NAPL sources previously enumerated (as well as other sources) were the sources of the OPAs. At both sites, the deposition of OPAs formed a 2-10 feet thick sediment interval containing NAPL, within estuarine environments that were subject to tidal influences and brackish water conditions. Figures 2 and 3, as well as the following descriptions, briefly outline the history and general character of each location.
Site 1 is located in an embayment where wastewater from refining operations was discharged from approximately 1920 to 1960. The wastewater was released to the embayment from an outfall after passing through an oil-water separator, where the denser oil and larger particles were deposited. The remaining wastewater (not all hydrocarbon was removed by the oil-water separator) flowed through an outfall into the embayment. The embayment is a former meander bend in a tidally-influenced alluvial channel, which occurs approximately 1,000 feet to the west. The embayment is relatively shallow, ranging from less than 5 to 15 feet in depth. The embayment is an area of active deposition, characterized by clays and silts in the deeper portions of the area and by sands along the shoreline. Aerial photographs document northeast currents in the vicinity of the outfall and the formation of waves along the shore just north of the outfall. Water temperatures in this area seasonally vary from approximately 65 to 87°F. Salinity levels, although variable due freshwater inputs from rainfall events, generally average about 10 practical salinity units (psu). At Site 1, the field and laboratory efforts were conducted in 2014 and 2015.
During the period of wastewater discharge, OPA deposition occurred proximal to the banks of the embayment. Based on the results of various environmental investigations, the IDN sediments are located primarily along the periphery of the embayment, extending at least 500 feet from the discharge outlet and about 150 feet from the bank. The IDN sediments are stratified and vary in thickness from millimeter thick lenses to meter thick beds. The IDN sediments can be interlayered with non-NAPL containing sediments. In general, the contacts between the IDN and "non-NAPL" sediments are sharp and distinct. Physical observations, including organic vapor measurements, UV light, and chemical analyses were utilized to characterize the sediment. Lateral and vertical delineation was augmented by DART® technology, which utilizes rods coated by solid phase extraction materials that adsorb polyaromatic hydrocarbons (PAHs) from the NAPL phase ( Figure 3 ). The IDN sediment is generally fine-grained, being composed primarily of clay and silt-size particles. Grain size measurements document that clay and silt comprise between 70% and 90% by weight (pbw) of the IDN sediments. The mineralogy of the clay fraction is dominated by smectite (70 pbw), with minor amounts of kaolinite and illite. In some areas of the embayment, fine sand is present within the IDN sediment profile. OPAs are also present within the intervals of sand. The OPA-containing sand intervals occur as thin millimeter size lenses, or as thicker centimeter wide layers.
Site 2 is located in a tidally influenced stream channel. The channel was utilized to discharge effluents from numerous industrial operations since the mid-1800s. These included MGP facilities, petroleum refineries, petroleum storage facilities, chemical manufacturing, metals fabrication plants, fish processing plants, and leather production facilities. In addition, the channel received untreated municipal sewage, storm sewer effluent and overland flow. In the area of investigation, the channel is approximately 250 feet wide and 25 feet in depth. Water temperatures vary from 45°to 75°F. Dry weather salinity levels average about 20-25 psu, dropping to 10-15 psu during rainfall events. At Site 2, the field and laboratory efforts were conducted in 2016.
IDN sediments are present throughout the channel and range from 5 to 10 feet in thickness. UVOST™ and TarGOST™ technologies were utilized to delineate the lateral and vertical distribution of the IDN sediment distribution (Figure 3 ). UVOST™ utilizes a UV light source and an optical scanning technology on a probe to discern NAPL. UVOST™ responds to naphthalene and other heavier PAHs associated with light NAPL (LNAPL). TarGOST™ also uses an optical scanning technology on a probe to discern NAPL, but it uses a visible (green wavelength) light source. TarGOST™ only responds to higher molecular weight PAHs that are typically associated with dense NAPL (DNAPL). Positive UVOST™ and TarGOST™ responses were detected in the channel sediments, suggesting the presence of both LNAPL and DNAPL ( Figure 3 ). The NAPL-impacted sediments at Site 2 are composed of two general strata -an upper fine grained unit (silts and clays) and a lower unit characterized by medium sands with mixed clay and gravel. In the upper unit, clay and silt compose approximately 80 pbw of the sediment. In the lower unit, the silt and clay fraction is significantly lower, comprising from 10 to 15 pbw of the sediment. A suite of clay minerals composes the fine sediment fractions. The clay fraction consists of mixed illite, chlorite, mixed illite/smectite, phyllosilicates, and smectite. Specifically, the illite fraction is the primary clay species, composing approximately 50 pbw of the clay fraction. The chlorite, kaolinite, and mixed illite/smectite fractions individually constitute between 10 and 20 pbw of the clay components. Smectite is the smallest fraction, composing approximately 8 pbw of the clay fraction.
Physical property measurements (Johnson et al., 2018) indicate the Site 1 sediment consists of a relatively open structure that is water filled. Specifically, porosities range from approximately 40% to 70% of the total sediment volume, while measurements of dry bulk density average 1.0 g/cm3 (varying from approximately 0.7 to 1.5 g/cm3). Although the sediment has an open structure, capillary pressure analyses indicate the majority of the pores are submicron in size, which inhibits fluid flow. Measurements of vertical hydraulic conductivity range from 3.1 × 10 −6 to 1.3 × 10 −5 centimeters per second (cm/s).
Similar to Site 1, the sediment at Site 2 is characterized by high porosities, small pores, and low permeability. The sediment porosity ranged from 67% to 83%. The average dry bulk density was 0.55 g/cm and ranged from approximately 0.4 to 0.9 g/cm 3 . The pore structure, as determined by capillary pressure curves, was relatively consistent, despite sediment samples being collected over a distance of 2,000 feet along the creek channel. Although some variability exists in the entry head pressure (i.e., the pressure required to evacuate the largest pore) the capillary curves are consistent in shape. At an induced pressure of 30 psi, the water saturations for seven samples varied only 12%, ranging from 60% to 72% of the sediment pore volume. This data indicate that the majority of the fluid is held within many submicron size pores. Similar to Site 1, water movement within the sediments at Site 2 is minimal, with hydraulic conductivity measurements ranging from 4.8 × 10 −7 to 6.4 × 10 −6 cm/s.
Materials and methods
At both sites, sediment samples were collected from a vessel using vibracore technology. The cores were collected in a 3-inch diameter, 10 feet long core barrel composed of either aluminum or Lexan plastic. Multiple cores were collected at each sampling location. Upon retrieval into the boat, the cores were measured and the ends were capped and sealed. The length of the retrieved core varied from approximately six (6) to twelve (12) feet. While in the field, one core at each location was extruded to enable physical description of the sediment. The extruded core was logged documenting the sediment texture, nature of the contacts, color, odor, and moisture content.
To evaluate the distribution of hydrocarbons within the sediment matrix, vapor readings using a calibrated Organic Vapor Meter (OVM) were taken at 0.5 feet intervals across the length of the core. UV fluorescence was performed to assess the distribution of NAPL within the sediment matrix. Subsamples were disaggregated in a mixture of water and hydrogen peroxide to visually confirm the presence of NAPL. The observations made from the "characterization" core were used to select samples for analysis from the other collocated cores for TPH measurement and NAPL mobility testing.
Upon review of the physical observations taken in the field, intervals from the other collected cores were selected for further laboratory analyses. The intervals of the core selected for additional physical and chemical analyses were those indicating the presence of significant NAPL, being characterized by odors, high organic vapor levels, UV fluorescence, and visual observations. Samples collected for additional analyses were obtained by cutting a cross section of the selected core interval from the adjacent core, keeping the sediment intact and undisturbed.
Core sections for NAPL mobility analyses and other tests were capped, oriented in a vertical position, and forwarded to the laboratory. Samples for NAPL mobility analysis were never frozen and were shipped at room temperature to the laboratory. Sediment collected for chemical analyses were forwarded to the laboratory on ice, maintaining temperatures at or below 4°C.
Numerous physical property analyses were conducted to assess the volume and mobility of the NAPL within the sediment. The following physical analyses were performed by PTS Laboratories, Inc. in Santa Fe Springs, California on the selected sediment samples: 
Results

NAPL conditions
The results of field and laboratory analyses support that OPAs were incorporated into the sediment matrix. Extruded cores under UV light documented the presence of a NAPL phase in the sediments at both sites. At Site 1, the fluorescence was observed to be a bright yellow color suggesting a petroleum hydrocarbon source. Two intervals were analyzed for TPH and physical properties within the hydrocarbon-impacted sediment. The TPH concentrations from the intervals ranged from 5,510 to 50,500 mg/kg; the respective NAPL saturations for these intervals ranged from 0.7% to 9.7% of pore volume. Based on previous investigations, the entrained TPH was composed primarily of mid-range C 12 -C 28 hydrocarbons. The mid-range fraction composed from 60 to 70 pbw of the hydrocarbon fraction. The lighter end TPH fraction consisted of less than 10 pbw of the total TPH. These two intervals contained similar water saturations ranging from 75% to 80%. Measurements of dry bulk density and porosity for these intervals varied from 0.73 to 1.05 g/cm3 and 48% to 71%, respectively.
In contrast to Site 1, the fluorescence at Site 2 was a muted gray green, which suggests a higher molecular weight hydrocarbon. Compositional analyses of the sediments indicate the TPH consists of a broad range of hydrocarbons spanning the C 10 -C 44 range. Eight sediment sample intervals were analyzed for TPH and physical properties ( Table 1 ). The measured TPH concentrations ranged from 3,180 to 114,000 mg/kg, with respective NAPL saturations varying from 5% to 12%. With the exception of one sample interval, the dry bulk density values of all the sediment intervals were less than 0.6 mg/cm3. Similarly, porosity and water saturations were relatively consistent between the sampled intervals and ranged from 74% to 83% (with the exception of one interval) and 72% to 88%, respectively. The NAPL saturations were also generally consistent throughout the sediment column, suggesting that the deposition of OPAs was occurring relatively consistently during the deposition of the sediment profile.
NAPL distribution
In contrast to upland-based soils, the pore network of IDN sediments is more open, as reflected by higher porosity values. IDN sediment porosity values typically range from 50% to 80% (Johnson et al., 2018) . The higher porosity reflects the deposition of the particles from the surface water and the absence of any significant compaction. The pore network is filled with fluids (primarily water), but also NAPL, where present. Capillary pressure analyses were conducted to document the how the NAPL and water were distributed within the pore network of the sediment. Results of capillary pressure analyses from eleven undisturbed IDN sediment intervals collected at Site 1 (three samples) and Site 2 (eight samples) indicate the majority of the pore fluids are retained within the smallest pores (Figure 4) . In particular, after inducing a pressure of 30 pounds per square inch (psi), which represents submicron size pore openings, the sediment sample fluid saturations exceeded 60%. During the capillary testing, water was the only fluid released from seven of the eleven sediment samples analyzed. Measured NAPL saturations in these samples ranged from 1.2% to 8.8%. This suggests that water is the only mobile fluid phase in these samples. Moreover, of the four samples where NAPL was evacuated (three from Site 1 and one from Site 2), water was the only fluid initially released. Typically, about 20-30% of the total water phase volume was evacuated prior to observing NAPL in the test effluent. The initial fluid displacement (i.e., water) was observed to occur between 0.2 and 1.2 psi, but NAPL was not released until between 3.3 and 31.9 psi. For the sediment with the highest NAPL saturation the initial fluid displacement occurred at approximately 0.2 psi, while the first observed NAPL displacement was observed at 3.3 psi. These data suggest that at lower NAPL saturations (up to 12% for the samples analyzed in this study), only water fills the larger open pores within the IDN sediment profile and that the NAPL resides within the finer pores of the IDN sediment.
NAPL mobility
NAPL mobility describes the potential for an oil phase to displace the existing water phase within the pore structure, so that movement of the NAPL may occur. For a NAPL phase to be mobile, the NAPL pressure must exceed the capillary forces inherent within the pore network. To produce a measurable NAPL pressure, the NAPL within the pores must be a continuous phase (i.e., NAPL-filled pores must be continuously connected to enable NAPL to move within the pore network). If NAPL does not form a continuous phase within the pore volume (i.e., it is a discontinuous phase), then the NAPL becomes isolated within a water-saturated pore network and is incapable of movement, unless the water phase is drained from the pores. Hence, an analysis of mobility provides perspective on the relative distribution of NAPL and water within the pore network. In the analyses conducted, centrifugal forces were applied to the sediment sample in an effort to drive fluid from the pore network (Brady and Kunkel, 2005) . This approach has been widely utilized to evaluate NAPL mobility in upland soils. By measuring the fluid saturation (i.e., both water and NAPL) before and after the centrifugation, a quantitative measurement of potential mobility is obtained. If the centrifuge test documents a release of NAPL (i.e., a reduction in NAPL saturation after centrifugation), this demonstrates potential mobility. This would indicate that the OPA structure is not completely encapsulating the oil beads, so that potential coalescing of oil may be occurring within the pore network and the oil bead is released from the IDN sediment as the surrounding water is evacuated. In contrast, if the centrifuge test documents NAPL immobility (i.e., no change in NAPL saturation), it suggests that the OPA structure is retained, enclosing the oil bead and preventing the formation of a continuous NAPL phase within the pore network.
Single step centrifuge mobility analyses were performed from 13 undisturbed IDN sediment samples; five from Site 1 (Figure 5a ) and eight from Site 2 (Figure 5b ). In the analysis, a centrifugal force of 1,000 times gravity (1,000 G) was applied for one hour to the sediment sample to evacuate the pore fluids from the pore network. Water and NAPL saturations were measured from before and after centrifugation -the results were then compared. The applied force of 1,000 G is consistent with that used in centrifuge analysis of NAPL mobility in upland soils, thereby enabling comparison. The forces applied are considered extreme and far exceed those that would occur in natural conditions at either of Site 1 or Site 2.
The five sediment intervals analyzed from Site 1 ranged over a 1 foot interval ranging from −6.8 to −7.8 feet MSL. The initial water and NAPL saturations ranged from approximately 37% to 90% and from 1% to 28%, respectively. After the centrifuge process, the water saturation decreased, varying from about from 15% to 60% after centrifugation. For three of the Site 1 samples, no change in NAPL saturation was observed after the test. Initial NAPL saturations from these sample intervals ranged from 1% to 10%. Only two sediment samples exhibited a decrease in NAPL saturation after centrifugation. One of the samples decreased from 5.4% to 4.9%, which is not considered significant considering the measurement uncertainty associated with NAPL saturation measurements. However, the sample with the highest NAPL saturation decreased from 28.3% to 20.5%. In contrast to the limited change in NAPL saturation, water saturations decreased significantly in all the sediment samples after the centrifuge process. Post-centrifugation water saturations decreased by 28-65% of the initial value and ranged from 15% to 60%.
Similar results were documented at Site 2. Eight sediment intervals were analyzed from five different locations ranging in elevation from approximately −18 to −21.5 feet MSL. For the Site 2 sediments, the initial water and NAPL saturations ranged from 70% to 87% and from 4.7% to 12.2%, respectively. After the centrifugation process, no measureable change was observed in the NAPL saturations in any of the eight samples tested. However, water saturations decreased on average by 58% from their initial values. The postcentrifugation water saturations ranged from 28% to 41%.
Discussion
Physical and chemical analyses of IDN sediment samples from two different sites document unique characteristics. In particular, the sediments are characterized by high porosities, high water saturations and low dry bulk densities. Depending upon the source conditions and depositional setting, NAPL saturations of the IDN sediments ranged from less than 1% to almost 30%. Due to the low dry bulk density values of the sediment, which were commonly less than less than 1.0 g/cm3, these NAPL saturations resulted in elevated TPH concentrations. In the IDN sediments studied, TPH concentrations ranging from 50,000 to 100,000 mg/kg were commonly measured. Despite these high TPH concentrations, a fluid NAPL phase was never observed from the sediment cores.
Results applying land-based centrifuge tests document that water is the primary mobile fluid phase in the IDN sediments. Relative to water, NAPL is not effectively mobilized, as evidenced by no significant change in NAPL saturation after the 1000G centrifuge testing. The centrifuge results of the mobility analyses from both sites documented similar results -water saturations decreased with centrifugation, but NAPL saturations for most samples did not change. The centrifuge data, in conjunction with the capillary pressure analyses, suggest that the NAPL is entrained within the smaller pores of the sediment network in samples with lower NAPL saturations and is surrounded by water that fills the larger pores. Based on this condition, NAPL likely does not form a continuous phase in IDN sediments and is inherently immobile at these lower NAPL saturations.
Conclusions
Sediment cores were collected from two sites where historic discharges formed OPAs over a period of several decades. The deposition of OPAs during this time formed IDN sediment prisms. The IDN sediment at these sites varied in particle size from clays to gravels. Within the sediment matrices, NAPL was entrained at saturations ranging from 1% to 28%. TPH concentrations in the IDN sediments varied from approximately 3,000 to 115,000 mg/kg. Previous studies (Johnson et al., 2018) of these sediments indicate indicated the IDN sediments consist of an open porous structure composed primarily of submicron size pores. The majority of the fluids within the pore network are retained within these small pores. Despite measured porosities exceeding 60% and water saturations over 70%, measurements of vertical hydraulic conductivity were low, indicating the sediment is not readily capable of transmitting fluids, due to poor connectivity between the pores.
Capillary pressure analyses indicate that when step induced pressures are applied to the sediment, only water is released initially. Significant NAPL was not released in most samples tested. In samples where NAPL was released, only water was initially released and NAPL was not generally released until pressures of at least 15 pounds per square inch (psi) were induced., This indicates that the NAPL entrained within IDN sediments is contained within the smaller pores of the sediment matrix and that the larger pores of the sediment are filled by water.
Results of NAPL mobility centrifuge analyses conducted at 1,000 G for one hour confirm the capillary pressure analyses. In particular, only one sediment interval out of thirteen analyzed documented a significant change in NAPL saturation under the applied forces, which are much higher than sediments at Site 1 or Site 2 would ever experience under natural conditions. NAPL immobility was documented in IDN sediments at NAPL saturations as high as 12%.
These analyses performed in this study, along with a previous study (Johnson et al., 2018) indicate that the OPA structure is retained in the sediment prism. As such, IDN sediments are composed, in part, of micron to submicron-size oil beads that are encased in an array of particles. Due to their arrangement, the solid particles forming the OPA appear to contain and isolate the NAPL as discrete and separated oil beads. Although the sediment contains NAPL, this original OPA structure inhibits the oil beads from coalescing, and prevents NAPL flow. If the oil beads are only partially encased and/or are large, NAPL may be released under induced pressures. However, even in these cases, water is the primary fluid mobilized. Evacuation of NAPL from the sediment does not occur until 20-50% of the water volume contained in the sediment pores is released. Further work from other sites and the application of other analysis methods will enable greater understanding of the character of IDN sediments.
